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Characterization and Differentiation of 
Heterocyclic Isomers. Tandem Mass 
Spectrometry and Molecular Orbital 
Calculations on 3-Methylisoxazolo- and 
2-Methyloxazolopyridines* 
Metastable mass-analyzed ion kinetic energy- (MIKE) and collision-induced dissociation 
MIKE spectrometries have been applied to the study of all members of two classes of 
heteroaromatic isomers: 3-methylisoxazolo- and 2-methyloxazolopyridines. The study re- 
vealed that tandem mass spectrometrv can characterize and differentiate the isomeric ion 
structures produced bv these hetero&les. In particular, the MIKE spectra of both the 
molecular ions and abundant fragments formed bv CO and CH,CN losses show characteris- 
tic differences that allow distinction among the isomers dependent on the position of the 
nitrogen atom in the pyridine ring, and distinction of isoxazole derivatives from oxazoles. 
The results indicate that the isomerization of the isoxazole moiety to oxazolempproposed for 
other analogous compounds-does not occur in these heterocyclic systems. The experimental 
work is supported bv moiecular orbital calculations both on neutral molecules and on 
molecular and fragment ions. (1 Arrl SOL‘ h/1(~ Spcctvc~~ 7 995, 6, 962-972) 
I dentification and structural characterization of iso- merit compounds are very important problems in various branches of chemistry. Among other analyt- 
ical techniques, mass spectrometry is a very powerful 
tool for an unambiguous identification and assignment 
of the structure of a compound. Unfortunately, isomers 
often follow the same fragmentation pathways in the 
source region and produce nearly identical mass spec- 
tra that do not allow distinction of one compound 
from the others. It follor~s that more specific tech- 
niques are required 111. 
Metastable decomposition processes can be a \ralid 
probe for the differentiation ot Isomeric ion structures. 
On the other hand, the high similarity in metastable 
processes of ions that originate from different neutral 
molecules often indicates the same reacting configura- 
tion. In this case isomerization phenomena, which con- 
sist either of the interconversion from one isomer to 
another or of the isomerization to a common structure, 
occur in the gas phase [2]. 
Mass spectrometry has been applied widely to the 
characterization of heteroaromatic compounds that 
contain nitrogen and oxygen atoms [3]. In particular, 
fused ring systems that contain the isoxazole or the 
oxazole moiety have been the subject of several papers 
[&12]. On the basis of the electron ionization spectra, 
a previous study carried out on 1,2-benzisoxazole N- 
oxides [7] proposed that the impact-induced isomer- 
iLation of the radical ion produced by initial deoxy- 
genation of M+’ gave a structure that corresponds to 
the oxazole isomer. The photochemically induced iso- 
merization of 3,5-diphenylisoxazole to 2,5-diphenyl- 
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oxazole via an azirine intermediate also was reported 
[13]. This b t e savior was similar to that found under 
electron ionization conditions [ I -I]. Isomeriration of the 
molecular ion of benzoxaz~rlc to ol-cvanophenvl prc- 
cedes its fragmentation under c>lectron ionization [15]. 
For 2,Lbenzisoxazole, which presents a different fu- 
sion ot the two rings, the optning ot the five-mem- 
bered ring has been proposed to yield an ion with a 
common structure to that produced b$, rearrangements 
of isatin and anthranilic acid [IS]. The study of the ion 
kinetic energy spectra of analogous heterocyclic iso- 
mers 1,2-benzisothiazole and bct~zothiazole rc\,ealed a 
common structure of the rnrrlecular ions, which indi- 
cates that the isomerization of the isothiazole moiety to 
a thiazole derivative occur:, under electron ionization 
conditions [ 161. 
Our interest here is focused on the characterization 
and differentiation of D-mt~tli~lisoxa~~,lo- (la-d) and 
2-methyloxazolop!ridinc (2a d) isomers (Scheme 11, 
for which the electron ionization (EI) spectra have been 
published recently [ 171. From those data, although it is 
possible to differentiate isomer:, la and 2a from the 
others, it is very difficult to tiistinguish among corre- 
sponding compounds that belong to the series 1 and 2. 
This is due to the fact that the same fragmentation 
pattern, which consists mainI\, of a competitive loss of 
CO and CH,CN from the molctcular ion, occurs in the 
source region for all of these compounds. 
To gain information on the structure ot the molecu- 
lar and fragment ions that originate from isoxazole 
(la-d) and oxazole (2a-d) dcri\,atives under electron 
ionization conditions, we carritld out a tandem mass 
spectrometrv investigation on these compounds as well 
as on the trideuteromethyl derivative of Id (le). It is 
particularly interesting to ascertain whether isomeriza- 
tion of the isoxazole moiet!, to oxazole, proposed for 
analogous heterocvcles, occurs in these molecules. 
The experimental work is supported by theoretical 
calculations. Theoretical approaches may be employed 
usefully to study the properties of gas-phase ions [18]. 
In particular, molecular orbital theory has been shown 
4 CH, 
2 
a. X=N Y=W=Z=CH 
b. Y=N X=W=Z=CH 
C. W=N X=Y=Z=CH 
cl. Z=N X=Y=W=CH 
Scheme I. 
to be a useful tool to support mass spectrometric 
in\~cstigations in the interpretation and prediction of 
primary fragmentation processes [ 193. 
Beyond classical parameters (heats of formation and 
Mulliken’s overlap bond orders), other inherent pa- 
rameters, such as bond orders, diatomic energy contri- 
butions, and valences (or free valences for open-shell 
systems), have been used successfully to study several 
classes of molecules that range from organic, hetero- 
cyclic, and organometallic compounds to peptides. (For 
a detailed background and a comprehensive literature 
re\,iew on this field, see ref 20 and references therein). 
In this work molecular orbital calculations based on 
the modified neglect of differential overlap (MNDO) 
method [21] have been carried out on neutral la-d as 
well as on their molecular and [M - CH,CN] ‘* frag- 
ment ions. 
Experimental 
C’ompounds la-e and 2a-d were synthesized and pu- 
rified as previously reported [17, 22, 231. Mass spec- 
trometric measurements were performed on a VG 
ZAB-2SEQ hybrid tandem mass spectrometer (VG An- 
alytical Ltd., Manchester, UK) with configuration BEqQ 
coupled to an OPUS 2000 data system. Electron ioniza- 
tion wds performed at 70 eV with a source tempera- 
ture of 110 “C. The accelerating voltage was 8 kV and 
the resolution was lOOOM/AM (10% valley). High 
energy collision-induced dissociation (CID)-MIKE ex- 
periments were carried out by introduction of helium 
into the collision cell situated in the second field free 
region (FFR) to produce a reduction of the main beam 
intensity to 50%. To increase the resolution of daugh- 
ter ions in the mass-analyzed ion kinetic energy (MIKE) 
experiments, E/Q linked scans were performed at unit 
resolution of the quadrupole analyzer. Replicated mea- 
surements showed that the reproducibility of the rela- 
tive peak abundances in MIKE and CID-MIKE spectra 
was within IOT. 
Semiempirical molecular orbital calculations were per- 
formed on compounds la-d, both on neutral species 
and on molecular and [M - CH ,CN] +’ fragment ions. 
All calculations were carried out by using the program 
MOPAC version 4.0 [24] implemented on a Digital 
VAX 6610 computer (Digital Equipment Corp., May- 
nard, CA) and the method MNDO [21]. The molecular 
geometry was fully optimized without any constraints. 
The restricted Hartree-Fock and unrestricted 
HartreeeFock formalisms were used for calculations 
on closed-shell and open-shell la-d species, respec- 
tivelv. In the case of fragment ions, because severe 
spin-contamination was observed in most of the cases, 
the half-electron method was used. 
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Results and Discussion 
Tandem Mass Spectrometry 
Moleculnr iorz. MIKE spectral data of the molecular 
ion from isoxazole (la-d) and oxazole (2a-d) isomers 
are reported in Table 1. A comparison between the 
spectra of la, d and their oxazole isomers 2a, d is 
depicted in Figure 1. 
For all the four isomers 1 the main metastable 
processes are the losses of H ’ and CO. The first 
process is highly favored for isomer la, whereas for 
the others the loss of CO is the most abundant. The 
latter is a flat or slightly dish-topped peak with a 
kinetic energy release, measured at half height (T,] i 1, 
equal to 630 meV for compounds la-c, and 420 meV 
for Id (insets in Figure 1 top row), which indicates a 
high reverse activation energy [2]. This is in agreement 
with rearrangements that have to occur in the molecu- 
lar ion that involve the opening of the two ring sys- 
tems to allow the elimination of CO. 
For compounds la and lc other peaks are at m/r 93 
and 79. These simple-Gaussian type metastable peaks 
[25] correspond to the losses of CH,CN and C,HNO, 
respectively, from the molecular ion. The T,,, values 
associated with the first process are 17 meV for both 
isomers-much lower than those relevant to the loss of 
CO. Id does not show loss of CH,CN, but only of 
C,HNO. 
The MIKE spectrum of the 3-trideuteromethyl 
derivative of Id, le (m/z 137) shows peaks at m/z 136 
and 135, with a relative intensity ratio equal to - 1:lO. 
This indicates the prevailing loss of one deuterium 
radical from the methyl group with very little scram- 
bling of the deuterium atoms. Other metastable peaks 
are at m/z 109, which correspond to the loss of CO, 
and at m/z 81, two atomic mass units higher than in 
the spectrum of Id, which indicates that in this frag- 
mentation one deuterium atom is lost. 
From these results it follows that the molecular ions 
of the four isoxazole isomers la-d produce different 
MIKE spectra, which allow an unambiguous identifi- 
cation of each compound. It is noteworthy that there 
are large differences between the EI [ 171 and the MIKE 
spectra of compound la. Although the loss of CH,CN 
is highly favored compared with loss of CO in the 
source, in metastable processes the two pathways are 
of comparable abundance. 
The MIKE spectra of the molecular ions from the 
oxazole derivatives 2a-d (Table 1 and Figure 1) are 
significantly different from those produced by the isox- 
azoles la-d. The most remarkable difference consists 
Table 1. MIKE and CID-MIKE (numbers in italics) data (relative intensity, ‘4) of M” (nl/z 134) 
produced from isomers 1 and 2 
IOIl 
133 
la 
100 
29.3 
2.7 
2a 
100 
87.6 
lb 
25.0 
2b lc 2c Id 2d 
58.9 28.0 44.8 28.9 100 
119 
107 
45.9 100 56.1 700 
3.8 3.3 2.0 
47.6 100 
4.8 
3.4 
27.2 
100 
100 
8.5 
30.5 
5.4 
13.6 
106 39.7 100 100 100 100 
20.3 100 83.6 700 31.2 
105 
104 60 
31 
103 
94 
93 40 7 30.6 
100 100 
92 
91 
81 
79 2.8 
65 8.4 
64 5.6 
38 2.0 
9.2 
5.0 
4.9 
110 
3.9 
2.9 
2.0 
10 3 
6.6 
2.6 
2.5 
9.3 
3.2 
8.2 
53 
3.3 
342 
210 
5.5 
6.2 
44 7 
274 
30.7 
92 0 
44.3 
164 
52 4 
35.0 
28.3 
17.4 
13.4 
5.0 
41 1 86.7 
67.0 72.5 
4.0 
5.7 
12.2 
9.8 
9.8 
4.8 
8.4 
6.2 
10.3 
59 
3.0 
2.7 
1.5 
4.9 2.3 
6.2 5.4 
2.2 
3.0 2.2 
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of the presence of a multiple peak in the region of 777/z 
1044107 in the MIKE spectra of compounds 2a and 2d. 
It has been resolved by means of E/Q linked scans 
(insets in Figure 1 bottom row) in which, through use 
of the unit resolution of the quadrupole analyzer, a 
better separation of the daughter ions can be achieved. 
This has allowed the multiple peak to be assigned to 
three components at m/z 104, 105, and 107. Although 
the first two peaks correspond to the losses of CH,O 
and CHO . , respectively, the third peak, which is 27 
mass units lower than the molecular ion, reasonably 
can be attributed to the loss of HCN. In the EI spectra, 
this peak has a very low intensity and it previously 
has been attributed to the isotopic contribution of the 
ion at m/z 106 [17]. Comparison of MIKE and E/Q 
MIKE spectra suggests that there are some differences 
in relative intensity ratios measured by the two tech- 
niques (Figure 1). These differences may be due partly 
to the overlapping of peaks with different widths in 
the MIKE spectra and partly to distorsions due to the 
quadrupole tuning in the E/Q scans. 
In the region of m/z 104-107, the MIKE spectra 
from 2b and 2c show a flat-topped metastable peak at 
m/z 106 due to the loss of CO with Ta,s values equal 
to 480 and 600 meV, respectively. For 2b the loss of 
CH,O also is observed. In the region m/z 90-70, the 
behavior of 2a, 2c, and 2d reflects that of the corre- 
sponding isoxazole derivatives that yield metastable 
peaks at the same mass-to-charge ratio values but with 
some difference in their relative intensity. 
It is interesting to note the different behavior of 2b 
in comparison with lb. Both compounds show the 
losses of a hydrogen radical and CO, but although they 
are the only metastable processes for lb, 2b further 
produces metastable peaks at m/z 104, 93,92, 81, and 
79 (Table 1). In particular, the peaks at m/z 92 (92.0%) 
and 81 (16.4%), attributable to the losses of CH,CO * 
and C,HN,. , differentiate 2b from the other isomers. 
High energy CID-MIKE spectra of the molecular ion 
from all isoxazole and oxazole derivatives (Table 11 
provide further evidence that the reacting ion struc- 
tures for isomers la-d and 2a-d are different, which 
1 \ ‘. ibd ” ib; ” iid 
Figure 1. Comparison between MIKE spectra of M” (m/z 134) tram isoxazoles la and Id (top 
row) and their corresponding oxazoles 2a and 2d (bottom row). For the latter, a portion of the E/Q 
scan is shown in the insets. 
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indicdtes that the isoxaLolc - ~)xdmlr conversion also 
does not occur in these experimental conditions. Be- 
yond the processes already observed in MIKE spectra, 
an interesting feature is the loss of the methyl group 
from isomers la, lb, Id, and 2~. Furthermore, peaks at 
UI/Z 65, 64, and 38 that correspond to losses of 
C,H,NO, C;H,NO ’ , and C,H,N,O, respectively, 
are present. As an example, the CID-MIKE spectra of 
lc and 2c are shown in Figure 2. 
[M - CO/+. frqrwrrf ioff. The MIKE spectra of the 
[M ~ CO]” ions ( u[/: 106) formed in the source also 
were studied. The data are summarized in Table 2. All 
Figure 2. CID-MIKE spectra ot M ( ))I,/: 13-1) from CCT- Figure 3. Comparison of MIKE spectra of the [M - CO]+’ ion 
pounds lc (top) and 2c (bottom). ( I~//z 106) from isomers la (top) and 2a (bottom). 
the metastable processes observed for [M - CO]+’ 
fragments ions are due to simple-Gaussian type peaks 
[25] with r,,, values in the range 20 to 100 meV. As an 
example, a comparison between the metastable spectra 
of the isoxazole la and oxazole 2a is shown in Figure 3. 
The isomers la-d show a preeminent loss of a hydro- 
gen radical as well as other metastable peaks at m/z 
79, 66, and 55 that can be attributed to the losses of 
HCN, C,H,N., and C,HN, respectively. In the spec- 
tra of lb and lc a further metastable fragmentation 
pattern is evidenced by a peak at m/z 65 due to the 
loss of CH,CN. 
A comparison between the spectra of isomers 
la-d and 2a-d shows remarkable differences. In 
Table 2. MIKE dat,l (relati\ e intensity, ‘ir ) of [M 
isomers 1 and 2 
I- CO] ” (VI/Z 106) produced from 
IOfl la 2a lb 2b lc 2c Id 2d 
105 100 331 100 100 100 100 100 100 
80 10 5 21.5 27.2 1.8 
79 73.8 100 83.2 88.1 68.7 80.8 83.2 83.2 
66 277 45 1 37 79.9 26.6 
65 59 18.6 374 10.6 47.5 
55 11 7 57.7 96.5 11.9 
fact, metastable processes that irn,olve the losses ot 
CLHIN * and C,HN are present in high abundance 
only in the case of isoxazole derivatives. On the other 
hand, for compounds 2a-d the most favored process is 
the loss of a hydrogen radical, except for 2a, for which 
the metastable decomposition that involves the loss of 
HCN is the most favored. Furthermore, only in the 
MIKE spectra of the oxarole dcrivatilres, a loss of 2h 
mass units, attributed to the lclhs of acetylene, which 
yields a peak at 111,‘: 80, is observed. Isomers 2a, 2b, 
and 2c yield a further peak at II!;‘: 65 produced by the 
loss of CH,CN (Figure 3). 
The MIKE spectrum of the [M ~ CO] ” ion from le 
(nl/~ 109) shows two concomitant fragmentation pro- 
cesses that produce losses of DCN (81 u, 100%) and 
HCN (82 u, 41.3’; 1. This fragmentation could be ex- 
plained by assuming that after the loss of CO, and the 
consequent opening of the fusion between the two 
heterocycles, there is a distribution of the deuterium 
atoms on the system. Thus, the loss of HCN could bc 
attributable to atoms that come from the pvridinc, 
moiety, whereas the loss of DCN should involve atoms 
that belong to the oxarole; the latter process is thv 
prevailing one. The MIKE spectrum also show5 a 
metastable peak at ~JI/Z 69 (52.4’; ) attributable to the 
loss of C,H2N . 
The different beha\%r of ~soxazole la-d and OX+ 
zole 2a-d isomers confirms that not only the molecular 
ions, but the fragment ions (M - CO] ‘* formed in the 
source also have different structures. From these data 
it is evident that the connection of the atoms in the 
five-membered ring also plays an important role to 
drive the fragmentation of the jM - CO] ” ion. 
[M - CH,CNl ‘. frq~mwi IOII MIKES data of the 
fragment ions [M. ~ CH,CN] are reported in Table 
3. The spectra of compounds la and lb are shown in 
Figure 4. After the loss of CH ,C‘N, the structures of the 
corresponding isoxazole and oxazole derivatives be- 
came identical and their me&table spectra are super- 
imposable. In all the cases, the most abundant process 
is the loss of CO. As shown in Figure 4, the composite 
shape of the metastable peak at W/Z 65 indicates that 
the reaction takes place by t\vo competitive mecha- 
nisms with kinetic energy releases that differ by 
roughly 1 order of magnitude. For compounds la and 
2a the kinetic energy releases associated with the two 
processes are 7, i, = 400 and r,, cl, = 30 meV, respec- 
tively. It is noteworthy that 400 meV is close to the 
Table 3. MIKE spectra (relnti\ e lntcnhlty, “; 1 of 
[M ~ CH,CN] ’ ’ ( )?I;‘: 93) p rw uced lrom isomers 1 and 2 1 
Ion la.2a lb.2b lc.2c ld.2d 
67 113 
66 52 32.6 257 687 
65 100 100 100 100 
42 12.4 46.4 58.7 104 
Figure 4. MIKE spectra of the [M ~ CH,CN]+’ ion (m/z 93) 
tram isomers la (top) and lb (bottom). The composite shape of 
thv peak at w/z 65 observed in compound la is reported in the 
111wt. 
value observed for CO loss from the molecular ions. 
On the other hand, the value of 30 meV can be at- 
tributed to reactions that involve simple bond cleav- 
ages [2]. Other metastable processes that involve the 
losses of HCN, C,H,, and C,HiX are also observed for 
isomers b, c, and d. 
As regards the possible structures of the [M - 
CH ,CN] +* ions, closed-ring (3a-d, 4a-b, Scheme II) 
and open structures, such as 5-12 (Scheme III), may be 
hypothesized. The MIKE data suggest exclusion of the 
formation of the structures 4a-b. In fact, 4a might be 
produced equally by each of the four isomers la, Id, 
2a, and 2d, and similarly 4b by the isomers lb, lc, 2b, 
and 2c. As a consequence, only two different MIKE 
spectra would be expected. However, as shown in 
Table 3, this does not occur because four different 
spectra are obtained, dependent on the position of the 
pyridinic nitrogen in the neutrals. This makes it likely 
that structures 4a and 4b do not contribute to the 
[M - CH?CN] -. ions. 
2, 
YH 
:;:) 
0 
w 
Aye 
4 
X=N Y=W=Z=CH 
Y=N X-W=.Z=CH 
W=N X=Y=Z=CH 
Z=N Xzy;W=CH 
Scheme II. 
NL'IIII.fI/ rlrolKlrl(~5 illid iiccIicYliir7,. i(‘ll>. nw L3lculdted 
heats of formation of neutral isowzole la d and their 
corresponding molecular ion> art’ reported in Table 1. 
As shown, the neutral molecules ha\,c quite similar 
stability; their calculated heats of formation fall within 
a I.6kcal/mol range. Adiabatic ionization causes ,ln 
increase of heats of formaticw of about 210 kcal/mol 
and the stability of the molecular ions decreases in the 
order lc > lb > Id > la. 
Bond order (b.o.) \Talut,s arv reported in Table i. 
Although they are “static” parameters and cannot be 
regarded as reactilrit\; indices, thcv reflect the actual 
multiplicity and the covalent character of a given 
chemical bond [20]. In particular, a comparison of their 
values in the neutral molrculr and in the molecular 
ion makes it possible to e\.aluate \zariations in bond 
strength that occur as a conwqucncc of the ionization 
process. Their relative changes, referred to the neutral 
molecule and calculated accc>rding to the formula 
6 10 
1 +. 
12 
Scheme III. 
Table 4. Calculated heats of formation (AH,) of neutral 
i-methylisouazoles la-d and their corresponding molecular ions 
AH, 
(kcal/mol) 
Compound Neutral M+' 
la 31.76 245.14 
lb 30.24 240.53 
lc 31 84 240.09 
Id 30.77 243.61 
Table 5. Bond order \ alues ,Ind thelr r.L~l,itlvt~ ch,lnges (L', b' tar ~-~m~ounds la d 
la lb lc Id 
Bond Neutral M . 1% Neutral M ' 1% Neutral M" 1% Neutral Mf' A% 
O(1 )-N(2) 1 08 0 99 8.33 1.08 1.21 12.04 1 .os 1.07 - 1.83 1 .08 1 .oo - 7.41 
N(2)- C(3) 1 62 1 80 11 11 1.72 1.29 25.00 1 72 1.64 -4.65 1 .72 1 .67 -2.91 
C(3)-C(3a) 1 06 0.97 8.49 1 .08 1 .32 22 22 1 08 1.06 - 1.85 1 .08 1.05 - 2.78 
C(3a)--(4) 1.33 1 .56 17 29 1.28 1.14 1094 1.32 1 46 10.61 1.31 1.39 6.1 1 
@F(5) 1 51 1 26 16 56 1.49 1.40 6 04 1 45 1.07 ~ 26.21 1.49 1.28 14.09 
(5)-(6) 1 28 1 17 8.59 1.34 1.46 8.95 1.35 1.45 7.41 1.30 1.03 - 20.77 
(6)--(7) 1 51 1 56 3.31 1.45 111 23.45 1.51 1.41 -6.62 1.49 1.61 8.05 
(7)-C(7a) 1 29 112 13 18 1.30 1.43 1000 1.25 1 08 -1360 1 32 1.21 -8.33 
C(7a)-O(1) 1 07 1 34 25 23 1.10 1.05 4 55 1 07 1.26 17 76 1.09 1.31 20.18 
C(7a)-C(3a) 1.31 1 00 23 66 1 32 115 -1288 1 34 1 .18 -11.94 1.28 0.99 - 22.66 
CD-CH, 0 97 0 95 2 06 0 97 0 97 0 00 0.97 0.96 -1.03 0.97 0.95 - 2.06 
“I.06 values are referenced 10 the net~tral and defined as 1% ([(b ” lm”‘rru’ar’“n (b o )“e”“a’]/(b o jneufra’j x 100 
are reported in Table 5. Thus, bond weakening and 
strengthening that occur owing to the ionization pro- 
cess are indicated by negative and positive values, 
respectively. To evaluate the results, it is also impor- 
tant to consider the absolute vItIue of the bond order, 
that is, bond orders significantly higher than 1.0 are 
not likely to dissociate, even if they are weaker in the 
ion than in the neutral. In cyclic molecules it is also 
important to consider that two bonds must be broken 
to observe fragmentation. 
The neutral molecules la--d show similar bond or- 
ders. The largest differenccl is relevant to the 
N(2)-C(3) bond for which the double bond character 
is more pronounced in isomers lb-Ed (b.o. 1.72) in 
comparison with la (b.o. 1.62). 
After the adiabatic ionization process, a general 
trend is the weakening of the fusion between the two 
rings, which results from the decrease in the 
C(3a)-C(7a) bond order, whose values average 1.31 
in the neutral molecules and 1.08 in the molecular ions. 
la shows a remarkable increment of the N(2)--C(3) 
bond order from 1.62 to 1.80, as well as the weakening 
of the 0(1)--N(2) and C(3)--C(3a) bonds, whose 
bond orders became less than I, in agreement with the 
prevailing loss of CH,CN. Furthermore, the adiabatic 
ionization causes a significant strengthening of the 
C(7a)---0(l) bond order for isomers la, lc, and Id, in 
accordance with a loss of CO from the molecular ion. 
From the examination of the data reported in Table 
5, it appears that lb shows behavior different from the 
other isomers. This behavior rndy be related to differ- 
ences also observed in the electronic spectra, in which 
the composite band at 280 nm, observed in the LX 
spectra of la, lc, and Id [2h], is completely absent in 
the case of lb. 
[M - CH,CNl ‘. ,/?v~vIE~~~ ~~11. Molecular orbital cal- 
culations also have been carried out on both open- and 
closed-ring [M - CH,CN] +* fragment ions. Heats of 
formation and bond orders for closed-ring species 
(3a-d, 4a-b; Scheme II) are reported in Tables 6 and 7. 
respectively. 
The pyridone radical cations (3apd) show small 
(4)-C(5) and C(5)-C(6) bond orders, which sug- 
gests the opening of the ring and the elimination of 
CO, observed both in EI [17] and in MIKE spectra 
(Table 3). On the other hand, the bond order values 
found in these structures do not allow us to explain 
Table 6. Calculated heats of formation (AH,) for 
[M - CH ,Ck] . * fragment ions 
14 AH, 
Compound (kcal/mol) relative to 3a 
Ring forms 
3a 279.82 0 
3b 302.57 
3c 286.76 
3d 298.68 
4a = 4d 325.52 45.70 
4b = 4c 321.25 
Open forms 
5 255.33 ~ 24.49 
6 257.92 -21.90 
7 259.22 -20.60 
8 265.79 ~ 14.03 
9 266.65 -13.17 
10 27245 -7.37 
11 27922 -0.60 
12 319.71 39.89 
Table 7. Bond orders for Axed-ring [M ~ CH,CN]” 
fragment ions 
Bond 3a 3b 3c 3d 4a = 4d 4b = c 
(l)-(2) 1.00 1.03 1 11 1.23 1.28 1.41 
(2)--(3) 1.30 1.61 1.34 1.08 1.24 1.39 
D-(4) 1.58 1.22 1.59 1.75 1.34 1.14 
(4)-C(5) 0.92 0.93 0.85 0.83 1.43 1.65 
C(5)--0 236 195 194 202 1.07 1.01 
O-C161 1.08 1.16 
C(5)-C(6) 0.77 0.93 0.98 0.94 1.02 1.04 
C(6)-1 2.24 1.77 1 .69 1.65 1.54 1.21 
the elimination of HCN and C,HN found in the MIKE 
spectra (Table 3). 
Other closed-ring structures that have the oxygen 
atom bridging C(5) and C(6) also have been studied 
(4a, b). All their bond orders are higher than 1, which 
does not allow prediction of which fragmentations will 
occur. Furthermore structures 4a and 4b are less stable 
than their corresponding pyridone isomers 3a-d (Table 
6). These results are in good agreement with the con- 
Table 8. Uond ordc*r\ tor open-ring [M ~ ( ti >C‘N] " ic,ni 
Bond 5 6 7 8 9 10 11 12 
0(1)-C(2) 2 23 2.36 2.00 2 28 214 1 .96 2.58 1.91 
C(2)-C(3) 1 29 122 0.91 139 162 0.93 0.85 1.00 
CD-Cc(4) 1 39 136 2.60 1 16 1 89 1.38 1.02 1.69 
CM-C(5) 199 1.32 122 1.61 0 95 2 34 2 64 1.20 
C(5)-N(6) 076 113 1.02 1.40 111 1.15 1.08 1 .oo 
N(6)-C(7) 2 70 2.10 2.50 2.23 241 2.48 1.94 2.49 
970 GlOliGl Fr Al. 1 Am SK Mass Spectrom 1995, 6, 962-971 
elusions drawn on the basis of only the MIKE ddta and 
again indicate that the radical cations 4a, b may be 
excluded as possible structures for the [M - 
CH3CN]+’ fragment ions produced by la-d or 2a-d. 
structures 3a and 11. This is in agreement with the 
composite peak shape of the [(M - CH,CN) - CO] +* 
ion observed in the MIKE spectrum (Figure 4). 
In addition to closed-ring structures, calculations 
also were extended to a set of open forms produced by 
breaking the C(5)-C(6) bond in compound 3a (5--12, 
Scheme III). The open structures 5511 hd\,e a lower 
heat of formation than that of their parent structure 3a 
(Table 6), which suggests that they can be formed 
easily owing to electron ionization. Furthermore their 
heats of formation fall in a narrow range of energy 
(O-25 kcal/mol) with respect to 3a, which indicates 
that each of these structures might be formed in the 
fragmentation process and that a mixture of these 
isomeric forms may exist in the gas phase. From exam- 
ination of the bond orders of the open forms 5--12 
(Table 81, it appears that structure 5, which is also the 
most stable, has the smallest C(5)-N(6) bond order 
(equal to 0.761, which suggests the elimination of HCN. 
Through a 1,3 hydrogen rearrangement, 5 might give 
rise to the distonic ion 11, which shows bond order 
values in agreement with losses of both CO and C,HN 
evidenced by MIKE spectra (Table 3). Therefore it is 
possible that both open structures and closed-ring 
species contribute to the ion [M ~ CH :CN] ‘*. 
Correlation With Photochemistry 
In previous photochemical studies a correlation be- 
tween the phenomena observed when a molecule was 
photoirradiated and those caused by electron ioniza- 
tion was found [ 141. In particular, it is well known that 
the photochemical rearrangements of isoxazolopy- 
rldmes to the corresponding oxazole derivatives is a 
quite general process [27]. 
On the other hand, the present tandem mass spec- 
trometry investigation has shown that the behavior 
under electron ionization of the isoxaLoles examined is 
deeply different from that observed in photochemical 
reactions. It follows that correlations between the two 
methodologies are not found in the present case. 
Conclusions 
On the basis of the experimental data and calcub 
tions, a fragmentation mechanism is proposed for com- 
pound la (Scheme IV). It is likely that the loss of 
CH,CN from the molecular ion yields both the cyclic 
structure 3a, which may easily lose CO, and the open 
structure 5. The latter may fragment by loss of HCN 
or, through a hydrogen transposition, produce the open 
structure 11, whose bond orders indicate the possible 
elimination of both CO and C,HN. It follolvs that two 
different reactions would yield the loss of CO from 
From the present study, it is evident that MIKE spec- 
trometry is a useful analytical tool for the characteriza- 
tion and differentiation of 3-methylisoxazolo- and 2- 
methyloxazolopyridine isomers. The molecular ions 
from isoxazole la-d and oxazole 2a-d derivatives give 
quite different MTKE spectra that indicate that each 
compound keeps a characteristic structure after elec- 
tron ionization. The data show that the position of the 
nitrogen atom in the pyridine ring also has a signifi- 
cant effect on the fragmentation. 
The MIKE spectra of [M - CO] -’ fragment ions 
also show large differences among the isomers. These 
indicate that the isomers remain distinct even in some 
fragment ions produced in the source region. The loss 
-co_ [C&l,N] + ’ 
m/z 65 
la 
m/z 133 
m/z ‘34 
/H 
l+’ 
0=-L---c 
%A /H 
c-c\\ [C,H,O] + * 
‘N??3i m/z 42 
[C&&] +. m,z ,w 5 
m/z I!36 
[CM] + * 
m/z 66 
Scheme IV. 
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of CH,CN removes the distinction between corre- 
sponding 3-methylisoxazolo- (la-d) and 2-methyl- 
oxazolopyridines (2a-d), but it is still possible to dis- 
tinguish the fragment ions derived from neutrals that 
differ in the position of the pyridinic nitrogen. 
This behavior is significantly different from that 
observed in analogous heterocyclic systems. In particu- 
lar, the isomerization of the isoxazole moiety to oxa- 
zole was not observed in the heterocyclic systems 
examined in this study. 
Calculations carried out on both neutrals as well as 
on molecular and fragment ions of compounds la-d, 
have suggested a qualitative approach in the elucida- 
tion of the fragmentation pathways. 
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